Objective: Velocardiofacial syndrome results from a microdeletion on chromosome 22 (22q11.2). Clinical studies indicate that more than 30% of children with the syndrome will develop schizophrenia. The authors sought to determine whether neuroanatomical features in velocardiofacial syndrome are similar to those reported in the literature on schizophrenia by measuring the volumes of the temporal lobe, superior temporal gyrus, and mesial temporal structures in children and adolescents with velocardiofacial syndrome.
The notable increase in the number of published studies on velocardiofacial syndrome over the past 3 years is likely attributable to data suggesting that the syndrome may represent a homogeneous genetic subtype of schizophrenia (1) . The concurrent breakthrough in genetic research of the complete sequencing of chromosome 22 (2) will undoubtedly fuel additional investigations of the syndrome and its genetic underpinnings. Caused by a microdeletion on chromosome 22 (22q11.2) (3), velocardiofacial syndrome is a congenital, autosomal dominant condition affecting approximately 1 of 4,000 live births (4) . The predominant clinical signs include cleft palate or velopharyngeal insufficiency, cardiac abnormalities, a specific set of facial features, and learning disabilities (5, 6) . Given that the syndrome has a known genetic cause and is characterized by a consistent phenotype, investigation of velocardiofacial syndrome provides an exceptional opportunity for narrowing the search among possible neuroanatomical and genetic correlates of schizophrenia.
Links between velocardiofacial syndrome and schizophrenia have been suggested by clinical research on both entities. More than a decade after Shprintzen and colleagues (7) published the first description of velocardiofacial syndrome, evidence from clinical studies has demonstrated a higher prevalence of psychiatric disorders in the population of persons with the syndrome (8) (9) (10) . One of the first investigations of velocardiofacial syndrome and risk for psychopathology noted an elevated incidence of schizophrenia and schizoaffective disorder among adults with the syndrome (8) . A subsequent investigation (10) asserted an etiological link with bipolar disorder rather than schizophrenic disorders. More recently, scientific evidence has pointed again toward a predisposition for schizophrenia (11) (12) (13) . Various estimates have been proposed for the frequency of velocardiofacial syndrome in the population of persons with schizophrenia. At least four studies have demonstrated an overrepresentation of the 22q11.2 deletion in samples of persons diagnosed with schizophrenia; 2%-6% of persons with schizophrenia in these samples had the 22q11.2 deletion (14) (15) (16) (17) . Although these clinical studies are credited with linking the two disorders, determining whether velocardiofacial syndrome is a subtype of schizophrenia and delineating any shared etiological pathways necessitate deeper investigation of the syndrome's neuroanatomical features.
Magnetic resonance imaging (MRI) provides a tool for measuring the impact of the 22q11.2 deletion on brain structure and for identifying neuroanatomical features that are potentially shared by velocardiofacial syndrome and schizophrenia. The extensive body of MRI studies on schizophrenia and the relatively limited number of preliminary studies on velocardiofacial syndrome (9, (18) (19) (20) have separately yielded similar findings. For instance, investigations of morphological brain changes in persons diagnosed with schizophrenia have consistently shown decreased total cerebral volume (21) (22) (23) . A parallel finding was obtained in the first quantitative MRI investigation of velocardiofacial syndrome (20) , which showed smaller brain volumes, a finding congruent with the microcephaly observed qualitatively in clinical studies of children with the syndrome (6) .
We could find no MRI studies that have targeted the temporal lobe, mesial temporal structures, and superior temporal gyrus in persons with velocardiofacial syndrome, although those structures have been extensively studied in the research on schizophrenia (21, 23) . Results of MRI research on schizophrenia have demonstrated volumetric alterations in the temporal lobe and its component structures, including the superior temporal gyrus (21) (22) (23) and the hippocampus (23, 24) . Although the 22q11.2 deletion has clear deleterious consequences for brain morphology, it is not known whether mesial temporal structures or the superior temporal gyrus, in particular, are affected. Consequently, whether the pathogenic mechanisms of velocardiofacial syndrome and schizophrenia are comparable in terms of their impact on the temporal lobe has yet to be elucidated.
The aims of the study reported here are twofold. First, we explore whether volumes of the temporal lobe and related structures are altered in a group of children and adolescents with velocardiofacial syndrome compared to typically developing children. Second, we investigate whether volumetric and age-related reductions in the regions of interest are congruent with the findings of MRI research on schizophrenia. If velocardiofacial syndrome is a subtype of schizophrenia or if the disorders have common neuropathogenic mechanisms, it is reasonable to hypothesize that the smaller structural and developmental volumes of the temporal lobe in children with velocardiofacial syndrome will be comparable to those observed in schizophrenia.
Method

Subjects
Children and adolescents with velocardiofacial syndrome were recruited through the VCF Support Group Network of Northern California and through advertisements on our web site (www. cap.stanford.edu/research/). Only persons with velocardiofacial syndrome who had a microdeletion on chromosome 22q11.2, as shown by fluorescent in situ hybridization, were included in the study. The study subjects were children and adolescents with confirmed velocardiofacial syndrome (N=23) and comparison subjects (N=23) who were matched individually for age and gender with the affected children. Eight female and 15 male subjects were included in each study group. The subjects ranged in age from 5.8 to 21.0 years (velocardiofacial syndrome group: mean= 12.7 years, SD=3.9; comparison group: mean=12.9 years, SD=4.1). The comparison subjects were recruited through advertisements in local newspapers and newsletters for parent groups and among nonaffected siblings of children affected with identified genetic conditions (fragile X syndrome and Turner's syndrome). A minimum IQ of 85 (one standard deviation below the population mean) and absence of previous neurological or psychiatric disorder were used as inclusion criteria for comparison subjects. Written informed consent was received from children and parents under protocols approved by the institutional review board of Stanford University.
MRI Protocol
Magnetic resonance images were obtained by using a GE Signa 1.5-T scanner (General Electric, Milwaukee). Coronal images were acquired with a three-dimensional volumetric radio frequency spoiled gradient echo with the following scan parameters: TR=35 msec, TE=6 msec, flip angle=45°, number of excitations=1, matrix size=256 × 192, field of view=24 cm 2 , slice thickness=1.5 mm, 124 slices.
Image Processing and Measurement
Spoiled gradient recall acquisition image data were imported into the software program BrainImage v4.x (25) . This program permits semiautomated image analysis incorporating the following steps: 1) correction of nonuniformity in voxel intensity, 2) removal of images of nonbrain tissue, 3) segmentation of the brain into constituent tissue types by using a constrained fuzzy algorithm on the basis of voxel intensity and tissue boundaries, and 4) positional normalization and division of the data into anatomic subregions by using a stereotactic parcellation method (26) . Details of these procedures have been published elsewhere (27) (28) (29) (30) . Derived data are presented in terms of left and right gray and white matter volumes for the whole brain and for the temporal lobe.
For both manual and automated procedures, raters were blinded to the identity and diagnosis of the subject. Circumscription of the mesial temporal structures (amygdala and hippocampus) was performed with a previously described protocol (31) . Spoiled gradient recall acquisition datasets were expanded from a 256 × 256 to a 512 × 512 matrix by means of bicubic interpolation in order to increase the resolution at which a region of interest could be delineated.
The boundaries of the amygdala were drawn coronally, beginning on the slice where the anterior commissure first crosses the midline of the brain. The boundaries were drawn beginning inferolaterally, then moving medially at the border between the amygdala and the white matter tract inferior to it. The medial border was drawn at the CSF/gray matter border. The region of interest continued superomedially at the gray matter/white matter border and around the lateral amygdala to the starting point. In the posterior regions of the amygdala, the superior border was partially defined by the presence of the entorhinal sulcus. The boundary of the amygdala was drawn until it disappeared posteriorly.
The anterior-most slice of the hippocampus was determined by the presence of the following landmarks: the alveus, the point where the superior horn of the lateral ventricle first points medially, the intensification of gray matter signal and a greater separation between the gray and white matter, and the development of
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the laminar structure that distinguishes the hippocampus from the amygdala. The borders of the hippocampus were defined by the surrounding white matter and CSF (or the amygdala superiorly, when present), taking special care to include the alveus in the measurements of the hippocampus and to exclude the tail of the caudate nucleus (separated from the hippocampus by a white matter bridge) and the thalamus posteriorly (distinguished by its considerably lighter signal relative to the hippocampus). Circumscription continued until the hippocampus disappeared posteriorly, approximately at the point where the corpus callosum fuses with the fornix. Reliability analyses, based on 10 datasets, yielded intraclass correlation coefficients (ICCs) of 0.98 and 0.91 for the amygdala and hippocampus, respectively.
The superior temporal gyri were also defined manually, supplementing the semiautomated parcellation procedure. The superior temporal gyrus was measured in the rostrocaudal direction on a coronal stack oriented perpendicular to the anterior commissure and posterior commissure (voxel size=0.94 mm 3 ). Boundaries of the superior temporal gyrus were defined laterally by the cortical surface and medially by a line connecting the deepest extension of the superior temporal sulcus to the furthest extent of the inferior ramus of the sylvian fissure. The most anterior slice of the superior temporal gyrus coincided with the halfway point between the head of the putamen and the anterior commissure. This designation ensured the operational exclusion of medial temporal gyral tissue, which merges with the superior temporal gyrus at the temporal pole. The most posterior slice of the superior temporal gyrus coincided with the first slice where the crus of the fornix was clearly identified laterally from the pulvinar. A reliability analysis of measurements by two independent raters resulted in an ICC of 0.96, indicating substantial interrater reliability for superior temporal gyrus measurement.
Statistical Analyses
The volumetric data met the criteria for employing parametric statistical analyses. Data analysis occurred in two stages. First, the mean brain volumes of subjects with velocardiofacial syndrome and the matched comparison subjects were statistically compared by using analyses of variance and covariance. Analysis of variance (ANOVA) models were used for comparisons of the absolute volumes of the whole brain, temporal lobe, superior temporal gyrus, and mesial temporal structures. For all subregional volumetric comparisons, analysis of covariance (ANCOVA) models were computed to statistically adjust for group differences in overall brain size and thus to measure whether any volumetric changes were diffuse or region-specific. Second, Pearson product-moment correlation was used to quantify the relationship between age and regional brain volumes within each group. Temporal lobe tissue, amygdalal, and hippocampal volumes were each residualized on the basis of simple linear regression with whole brain total tissue volume; temporal lobe gray matter and superior temporal gyrus gray matter were residualized on the basis of simple linear regression with whole brain gray matter volume. For both the ANOVA and the correlational analyses, an alpha of 0.05 (two-tailed) was used as the threshold for statistical significance. To determine whether the expected age-related volumetric reductions in the velocardiofacial syndrome group differed from the expected positive associations between age and brain volumes in the comparison subjects, correlation coefficients for each group were converted by using Fisher's r-to-z transformation (32, 33) . To test these directional hypotheses, a one-tailed alpha level of 0.05 was used.
Results
Group Comparisons of Mean Volumes
Results of ANOVA showed that subjects with velocardiofacial syndrome had a significantly lower whole brain total tissue volume (about 11% less) than the comparison subjects (Table 1) . Absolute volumes of both gray and white matter were significantly smaller in the velocardiofacial syndrome group. Temporal lobe total tissue volume was significantly smaller among velocardiofacial syndrome subjects, and significantly smaller absolute volumes for temporal lobe gray matter in both hemispheres were detected in this group. Statistically significant differences also were observed for mean volumes of the superior temporal gyrus gray matter and the hippocampus. Average amygdala volumes did not statistically differ between the subjects with velocardiofacial syndrome and the comparison subjects.
Group comparisons of temporal and mesial temporal structures were reanalyzed with ANCOVA (Table 1) . Whole brain total tissue volume was used as a covariate for comparisons of temporal lobe total tissue, hippocampus, and amygdala volumes, and whole brain gray matter volume was used as a covariate for comparisons of temporal lobe gray matter and superior temporal gyrus gray matter volumes. After statistically controlling for the 11% group difference in whole brain volume, adjusted mean volumes of the temporal lobe and hippocampus were not statistically different between the two groups. Similarly, when the whole brain gray matter volume was covaried statistically, the two groups did not differ in adjusted mean volumes of temporal lobe gray matter and superior temporal gyrus gray matter.
Changes in Brain Volumes With Age
Coefficients of correlation between age and regional brain volumes were computed by using residualized volumes of the temporal lobe, superior temporal gyrus, and mesial temporal structures. As shown in Table 2 , Fisher rto-z transformations were used to standardize the correlation coefficients and to compare observed group differences in the direction of the relationships between age and brain volumes. Differential directions were noted for the temporal lobe (total tissue and gray matter), as well as for the hippocampus. The correlation between temporal lobe total tissue volume and age was positive among comparison subjects and negative among subjects with velocardiofacial syndrome; this differential direction was statistically significant. A statistically significant group difference was also detected for the relationship between age and residualized temporal lobe gray matter volume. Comparison of the association between age and left hippocampus volume in comparison subjects approached significance, when compared to the negative association observed in the velocardiofacial syndrome group.
Discussion
The MRI data from the current study demonstrate that children and adolescents with velocardiofacial syndrome have marked neuroanatomical differences in the temporal lobe region, compared with age-and gender-matched normal children and adolescents, and that these aberrations occur within the context of a lower whole brain volume. Our observations for each region are discussed below, first in terms of localization (general versus regionspecific) and second in terms of developmental trajectory (change with age).
Localization
The localization of the deletion's impact is defined by whether the average volume of a structure is disproportionate relative to the overall lower whole brain volume in subjects with velocardiofacial syndrome (Table 1) . It is important to discern whether volumetric aberrations in the temporal lobe and related structures are either due to a generalized neuroanatomical diminution that results in diffuse effects on brain structures or are region-specific. Both cases necessitate discussion, as any structure that has a lower volume, compared with either a relative or an absolute standard, may influence function.
Absolute volumes of the temporal lobe, superior temporal gyrus, and hippocampus were 9%-11% smaller in the children with velocardiofacial syndrome; however, these differences coincided with a lower whole brain volume of a similar magnitude. It is interesting to note that amygdala volumes in velocardiofacial syndrome children were not statistically different from those in their typically developing counterparts, despite the overall lower whole brain volume of the children with velocardiofacial syndrome. rus, hippocampus, and amygdala) were residualized on the basis of simple linear regression with whole brain total tissue volume. Volumes of temporal lobe gray matter and superior temporal gyrus gray matter were residualized with whole brain gray matter volume. b Fisher r-to-z transformation. c Correlation coefficients of similar direction and magnitude were not statistically compared. d N=22 for subjects with velocardiofacial syndrome; N=23 for comparison subjects.
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Further, correlational analyses indicated that amygdala volumes were preserved over time into adulthood. The amygdala is involved in emotion-related aspects of behavior, including learning and conditioning (34) (35) (36) , and appears to be spared in the structures affected in velocardiofacial syndrome relative to other temporal and mesial temporal structures. These volumetric data raise an important methodological issue. Specifically, differential morphometric findings for the amygdala versus other temporal lobe structures in velocardiofacial syndrome indicate the need for separate measurement of the amygdala and hippocampus in imaging studies of velocardiofacial syndrome and schizophrenia, as previous studies have sometimes measured the two structures collectively as an amygdala-hippocampal complex (21) .
Although the difference between groups in left superior temporal gyrus gray matter volume was not statistically significant (p=0.08), the possibility of a localized and early effect of the velocardiofacial syndrome deletion on this region (Table 1) deserves comment, given previous reports of an association between schizophrenic symptoms and left superior temporal gyrus morphology. Specifically, smaller left superior temporal gyrus volumes have been correlated with positive symptoms of psychosis in several studies (37) (38) (39) . Frequently investigated in the schizophrenia literature, the superior temporal gyrus is the site of the primary and secondary auditory cortex (40) , and abnormalities in this region have been associated with the presence of auditory hallucinations (22, 39, 41) .
Developmental Trajectory
Most of our salient results regarding temporal lobe morphology in velocardiofacial syndrome arose from agerelated analyses. These findings, although limited by a cross-sectional design (42) , suggest that many of the distinguishable effects of the 22q11.2 deletion on brain morphology are manifested only in developmental changes of the central nervous system over time. Average volumes of some temporal lobe and related structures may not be selectively lower in samples of young children with velocardiofacial syndrome, compared with normal children, yet deviations from normal developmental trajectories (Table 2) may result in localized lower volumes that are observable later in life.
Correlational findings showed a significant difference between the velocardiofacial syndrome group and the comparison group in the relation between temporal lobe volumes and age. Among the comparison subjects, patterns of temporal lobe gray matter development were congruent with findings from a recent longitudinal MRI investigation of typically developing children and adolescents (43) , showing an age-related increase in temporal lobe gray matter volume. Giedd and colleagues (43) suggested that temporal lobe gray matter continues to evolve throughout childhood and develops later than the occipital, frontal, and parietal lobes. This finding markedly contrasts with the age-related decline in temporal volumes shown in the children with velocardiofacial syndrome in our study. This decline in temporal lobe volumes with age was not accounted for by age-related differences in whole brain volume, suggesting that the 22q11.2 deletion has a selective developmental effect on the temporal lobe. Because the temporal lobe is linked to auditory and language processing (44, 45) , early developmental aberrations in this structure may underlie the language and learning disabilities commonly observed in the velocardiofacial syndrome population.
Extrapolation from the observed pathways of temporal lobe development in velocardiofacial syndrome suggests that continued decrease in temporal lobe volumes with age may, by the time of adulthood, result in a localized diminution beyond an 11% overall difference in whole brain volume. This observation is of potential relevance to, and is consistent with, the more recent literature on velocardiofacial syndrome (19) and schizophrenia (21) (22) (23) 46) . In particular, van Amelsvoort and associates (19) reported lower total and left temporal lobe volumes in seven adults with velocardiofacial syndrome and schizophrenia than in eight matched comparison subjects. Further, a longitudinal MRI investigation of childhood-onset schizophrenia (47) showed progressive developmental reduction in volumes of the temporal lobe, as well as of the superior temporal gyrus and the hippocampus.
In our study, the correlation between age and hippocampal volumes approached significance, suggesting that hippocampal volumes, specifically the left hemisphere volume, may decrease with age in children with velocardiofacial syndrome. Selective decreases in hippocampal volume with age are of potential importance to the developmental trajectory of cognitive problems in persons with velocardiofacial syndrome, given the role of this structure in working and long-term memory (48) and its connections to higher cortical centers (40, 49) .
Potential age-related reductions of the hippocampus in velocardiofacial syndrome have interesting implications for the link with schizophrenia. Smaller hippocampal volumes have been consistently observed in individuals with schizophrenia (46, 50, 51) . In a recent report, Razi and colleagues (24) suggested that differences in hippocampal volumes may not appear until later in life among schizophrenic patients, thus reflecting a consequence of the disorder rather than a causal predecessor. If neuropathological changes in velocardiofacial syndrome model those occurring in other etiologies for schizophrenia, our agerelated findings would contrast with the assertion of Razi and colleagues and suggest that hippocampal alterations may actually precede the onset of significant psychiatric symptoms, supporting the idea that schizophrenia is a neurodevelopmental disorder (52, 53) .
Findings of a selective neurodevelopmental impact on the hippocampus are congruent with recent genetic research on velocardiofacial syndrome, which points to the hippocampus as a region demonstrably affected by the 22q11.2 deletion. Yamagishi and associates (54) measured the expression of a newly identified gene, UFD1L, localized in the 2.0-megabase region commonly deleted in velocardiofacial syndrome. Of 182 subjects with velocardiofacial syndrome, all had a deletion involving that specific gene. Further, the mouse homolog gene, Ufd1, is known to play a key role in the embryonic development of the heart and the brain. Ufd1 is expressed specifically in palatal precursors, frontonasal regions, and the cells derived from the neural crest that form the conotruncal part of the heart. Most relevant is the fact that in the brain, Ufd1 is expressed with marked specificity in the medial telencephalon that forms the hippocampus. As Yamagishi and colleagues hypothesized, a smaller expression of UFD1L in subjects with a deletion in chromosome 22q11.2 might be responsible for abnormal development of the hippocampus.
Conclusions
The present study identifies several neurodevelopmental patterns common to both velocardiofacial syndrome and schizophrenia and suggests that the temporal lobe and mesial temporal structures may represent a shared substrate for the effects of the 22q11.2 deletion and for other etiological pathways that lead to schizophrenia. Longitudinal research will be needed to specify the immediate and unfolding influence of the 22q11.2 deletion on brain development in children affected with velocardiofacial syndrome and its relation to the onset of severe psychiatric disorders. In addition, MRI research involving adult subjects with velocardiofacial syndrome is clearly needed to confirm the developmental patterns identified in this cross-sectional group of children and adolescents. Given the greater risk for schizophrenia among individuals with velocardiofacial syndrome, it is especially important to track neuroanatomical changes into early adulthood, the typical age of onset for psychosis. Longitudinal tracking will require larger sample sizes and greater statistical power, given that only a portion of any sample of subjects with velocardiofacial syndrome will eventually develop schizophrenia. Morphological changes in the temporal lobe and mesial temporal structures during childhood may be more pronounced in those children with velocardiofacial syndrome who later experience a psychotic break. Ultimately, future research will help identify biological markers that predict the probability of severe psychiatric illness. 
